Strategies for avoiding ion accumulation in leaves of plants grown at high concentration of NaCl (100 mol m À3 ) in the rooting media, i.e. retranslocation via the phloem and leaching from the leaf surface, were quantified for fully developed leaves of maize plants cultivated hydroponically with or without salt, and with or without sprinkling (to induce leaching). Phloem sap, apoplastic fluid, xylem sap, solutes from leaf and root tissues, and the leachate were analysed for carbohydrates, amino acids, malate, and inorganic ions. In spite of a reduced growth rate Na q and Cl À concentrations in the leaf apoplast remained relatively low (about 4±5 mol m À3 ) under salt treatment. Concentrations of Na q and Cl À in the phloem sap of salt-treated maize did not exceed 12 and 32 mol m À3 , respectively, and thus remained lower than described for other species. However, phloem transport rates of these ions were higher than reported for other species. The relatively high translocation rate of ions found in maize may be due to the higher carbon translocation rate observed for C 4 plants as opposed to C 3 plants. Approximately 13±36% of the Na q and Cl À imported into the leaves through the xylem were exported by the phloem. It is concluded that phloem transport plays an important role in controlling the NaCl content of the leaf in maize. Surprisingly, leaching by artificial rain did not affect plant growth. Ion concentrations in the leachate were lower than reported for other plants but increased with NaCl treatment.
Introduction
Soil salinity poses serious limitations to agriculture in many areas around the world. Salinity can reduce plant growth by osmotic stress, ion toxicity, and nutritional disturbances (Greenway and Munns, 1980; La È uchli, 1986; Cheeseman, 1988) . There are large differences in responses to salinity between species, for example, a 50% yield reduction occurs for beans at 60 mol m À3 and for sugar beet at 260 mol m À3 monovalent salts (Maas and Hoffman, 1977) . Salt tolerance of plants is a complex phenomenon that involves morphological and developmental as well as physiological and biochemical processes (Greenway and Munns, 1980; Hanson and Hitz, 1982; Cheeseman, 1988; Munns, 1993) . Salt exclusion in the root, sequestration in the leaf cell vacuoles, ion retranslocation from the leaves (Lessani and Marschner, 1978) and possibly ion leaching from the leaf apoplast by precipitation (Arens, 1934) are mechanisms to reduce ionic burden of plants under saline conditions. In glycophytes sensitivity to salinity is associated with an inability to prevent or tolerate elevated NaCl concentrations in the shoots, where it accumulates in the vacuoles. High NaCl concentrations in the vacuole requires the accumulation of compatible osmolytes in the cytosol. When the vacuolar storage capacity is surpassed, rising cytosolic concentrations of NaCl may result in enzyme inhibition and turgor loss (Rausch et al., 1996) .
It has been suggested that reduced plant growth under saline conditions is at least partly due to high salt concentrations building up in the apoplast of growing tissues (Oertli, 1968 ). Speer and Kaiser have shown that under salt treatment apoplastic ion concentrations of pea (164 mol m À3 , salt-sensitive) were much higher than in spinach (56 mol m À3 , salt-tolerant) (Speer and Kaiser, 1991) . When rice plants are subjected to mildly saline conditions (50 mol m À3 NaCl), the leaves show strong symptoms of water de®ciency and NaCl concentrations in the apoplastic water space of about 600 mol m À3 (Flowers et al., 1991) . Various mechanisms may contribute to avoid toxic ion concentrations in the leaf symplast and apoplast, the relative signi®cance varying with plant species as well as with the solute under consideration: (1) removal from the equilibrium by precipitation either in the apoplast (Fink, 1992) or in the vacuoles of idioblasts; (2) guttation; (3) abscission of entire leaves; (4) incorporation into epidermis (Sangster and Hodson, 1986 ) and trichomes (De Silva et al., 1996) , (5) phloem export; and (6) leaching from the leaf apoplast (Arens, 1934) . Leaching is de®ned as the removal of inorganic or organic metabolites from plant tissue into moisture such as rain, fog or dew (Tukey, 1970) . Most investigations discuss leaching in relation to forest decline (Mengel et al., 1987; P®rrmann et al., 1990; Turner and Tingey, 1990) or nutrient cycling in nutrientlimited ecosystems (Tukey Jr, 1969; Tukey Jr and Mecklenburg, 1964) . However, in older literature the socalled`cuticulary excretion' (Arens, 1934) was considered to be an important mechanism for avoiding high salt concentrations in the leaf (Tukey, 1970) . The relevance of leaching from the leaf for apoplastic solute balance is still debated (Pennewiss et al., 1997) .
Retranslocation of ions via the phloem has to be considered as a potentially important mechanism to prevent salt accumulation in fully expanded leaves (Lessani and Marschner, 1978; Munns et al., 1986 Munns et al., , 1988 Wolf et al., 1990; Durand and Lacan, 1994; Gouia et al., 1994; Jeschke et al., 1995) . It is still controversial whether high rates of ion retranslocation and low salt levels in the leaves indicate salt-tolerant or salt-sensitive plants (Lessani and Marschner, 1978; La È uchli and Wieneke, 1979; Munns, 1988; Cramer et al., 1994b) . On the one hand high ion retranslocation activity prevents salt accumulation in fully expanded leaves, but on the other hand it represents a threat to younger leaves which are phloem sinks. One way of studying phloem transport is the direct measurement of ion concentrations in sieve tube sap obtained via aphid stylet technique (Downing, 1980; Munns et al., 1986; Wolf et al., 1990) . With this method pure phloem sap can be obtained from intact plants and from such plants where the collection of phloem sap with the stem incision technique is not successful, like the important culture plant maize.
It is the objective of this analysis to evaluate the relative importance of phloem retranslocation and leaching from the leaf for solute balance of maize source leaves under saline and control conditions. For this purpose, concentrations of organic acids, inorganic ions, carbohydrates, and amino acids in roots, xylem sap, leaves, leaf apoplast, phloem sap, and in the leachate were compared between control and salt-stressed maize plants. The phloem translocation rates of metabolites and ions were also investigated. FeEDTA, pH 6.5) in a growth cabinet (15 h day length, 23u18 8C dayunight temperature, 60±70% relative humidity, 300±330 mmol photons m À2 s À1 light intensity at canopy level). The solution (5.0 l per pot) was changed every other day from day 8 after germination to day 31. NaCl was added to the nutrient solution in daily increments of 25 mol m
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, starting on day 18 after germination. Plants were exposed for 8 d to 100 mol m À3 NaCl. Half the plants in the growth chamber without or with salt treatment were sprinkled twice a day (morning and evening) with de-ionized water (pH 4.0 adjusted with H 2 SO 4 ), in an amount equivalent to 10 mm rain per day. For this purpose a pump with a pressure of 5 bar (ASV Stu È bbe GmbH, Vlotho, Germany) and special jets (1 mm diameter, Hellmuth Bahrs GmbH, Bru È ggen, Germany) were used. Leachates were collected in a bowl beneath the upper plant part of four plants. To avoid contamination like dust or guttation drops, leaves were cleaned before sprinkling. Leaves 4 and 5 were used for the collections of sieve tube sap and leaf samples. These leaves showed no signs of senescence or salt injury.
Collection of sieve tube sap Sieve tube sap was obtained from severed stylets of the oat±bird cherry aphid, Rhopalosiphum padi (L.). About 10 aphids were caged for 2±3 h on the mid-portion of the leaf. Then, their stylets were cut by a laser beam (Barlow and McCully, 1972; Lohaus et al., 1995) . The exudating phloem sap was collected in microcapillaries (total volume 0.5 ml). Evaporation from the exuding phloem sap was prevented since the front edge of the microcapillary was in close contact with the leaf surface and the end was surrounded by a cap. The humidity around the capillary was adjusted to about 80%. Under these conditions evaporation from reference capillaries was undetectable. Exudation rates per stylet were 100±250 nl h
À1
, as determined by drawing the sieve tube sap into a calibrated 0.5 ml disposable microcapillary. The samples were diluted with HPLC water to a volume of 100 ml, and stored at À80 8C. Samples were taken in the second half of the light period.
Determination of apoplastic air and water volume For determination of apoplastic air volume (V air ) leaf segments of 11.4 cm 2 were weighed, infiltrated with high-viscosity silicone fluid (polymethylsiloxane; viscosity 5 cs; d 0.904 g cm À3 ; Dow Corning, Poole, UK), for which the plasma membrane is impermeable, under vacuum in a 50 ml PE syringe, and reweighed. The leaf surface was blotted dry with thin tissues, and the weight increase (corrected for the density of silicone oil) was used to determine V air .
Apoplastic water volume was determined as described previously (Husted and Schjoerring, 1995) . Leaf segments cut from washed and blotted dry leaves were weighed and infiltrated with 0.05 mol m À3 indigo carmine (indigo-5,59-disulphonic acid; Sigma, St Louis, MO, USA). The vacuum infiltration was carried out using a 50 ml syringe. The leaf segments were then centrifuged at 715 g for 4 min at 4 8C, and the extinction of the dye before infiltration (E inf ) and in the apoplastic washing fluid (E AWF ) was measured spectrophotometrically in 150 ml samples at 610 nm. The relative apoplastic water volume (V apo , cm 3 H 2 O cm À3 tissue) was calculated as:
Collection of apoplastic fluid Apoplastic fluid was collected with the infiltration technique (according to Mu È hling and Sattelmacher, 1995; Lohaus et al., 1995) . After infiltration, the leaves were centrifuged for 3 min at 715 g at 4 8C. Calculation of apoplastic solute concentration was carried out by multiplication of the solute concentration in the apoplastic wash fluid by (V air qV apo )V apo À1 . Samples were taken in the second half of the light period.
Cytoplasmic contamination of the apoplastic fluids was determined by measuring the activity of malate dehydrogenase relative to that in the bulk of leaf extracts (Tetlow and Farrar, 1993; Lohaus et al., 1995) .
Collection of xylem sap
For xylem sap collection a hand-made Passioura-type root pressure bomb (cf. Passioura, 1980) was used, with the intact root system of a maize plant tightly pressure sealed into the bomb lid. For each new maize plant used, the bomb was filled with fresh nutrient solution identical to the culture medium (with or without NaCl). Air pressure was applied to the water phase up to pressure values of 0.09 MPa for control plants and 0.45 MPa for salt-treated plants in order to increase the leaf xylem pressure to slightly above atmospheric values. Xylem sap was collected from leaves 3 to 6, either from the cut leaf blade or directly from a xylem vessel of a single vascular bundle by using the minimal-invasive xylem pressure probe technique (Balling and Zimmermann, 1990) . The latter yielded 2±5 ml of xylem sap for each sample.
Photosynthesis and transpiration
Net photosynthesis in the light and transpiration during the day (Sharkey et al., 1986) of source leaves were measured with a portable infrared gas analyser (LCA3; ADC, Hoddesdon, UK).
Measurements of ions and metabolites
To determine tissue contents of water-soluble metabolites and ions leaf and root material were sampled periodically. After shock freezing in liquid nitrogen, approximately 0.25 g of tissue were ground in a mortar under liquid nitrogen. After addition of 5 ml chloroform : methanol (3 : 7, vuv) the sample was homogenized until it was completely thawed and then kept on ice for 30 min. Then the homogenate was extracted twice with 3 ml water. The aqueous phases were combined and evaporated in a rotatory evaporator. The dried residue was dissolved in 2 ml ultrapure H 2 O (Millipore, Germany) and stored at À80 8C until analysis.
Concentrations of anions and malate in sieve tube sap, apoplastic fluid, root pressure exudate, leaf leachate, and leaf or root samples were analysed by ion chromatography (DX500, Dionex, Idstein, Germany) using an IonPac anion exchange column (AS4 and AS4a together, 4 3 200 mm, Dionex, Idstein, Germany) connected with a conductivity detector module (CD 20, Dionex, Idstein, Germany). The ions were eluted with 1.8 mol m À3 Na 2 CO 3 and 1.7 mol m À3 NaHCO 3 for 20 min. Cations were analysed by ion chromatography (DX500, Dionex, Idstein, Germany) using an IonPac anion exchange column (CS12A, 4 3 200 mm, Dionex, Idstein, Germany) connected with a conductivity detector module (CD 20, Dionex, Idstein, Germany). The ions were eluted with 30 normal m À3 H 2 SO 4 for 16 min. Amino acids were analysed by HPLC (PharmaciauLKB, Freiburg, Germany) using the fluorescent o-phthaldialdehyde precolumn derivatization (according to Riens et al., 1991) . Sugars were assayed amperometrically (according to Lohaus et al., 1995) .
Recovery of metabolites and ions
The recovery of the main metabolites and ions during the extraction processes described above was measured previously (Weiner, 1990; Winzer et al., 1996) . With maize extracts the recovery was between 90% and 107% for malate, asparagine, glutamine, aspartate, glutamate, alanine, and with sugar beet extracts the recovery was between 85% and 112% for sucrose, malate, glutamate, glutamine, aspartate, asparagine, serine, potassium, and chloride.
Statistics
Statistical analyses were done with a ANOVA by SigmaStat (Jandel Scientific).
Results
Plant growth
Root growth was less adversely affected by NaCl than that of shoot, leading to a shift in the root-to-shoot ratio in favour to the root. Sprinkling did not signi®cantly affect plant fresh matter production in salt-grown and control plants (Table 1) . Net assimilation rate, chlorophyll content of leaves and speci®c leaf weight did not vary signi®cantly between treatments. Transpiration rate was decreased by the salt treatment.
Solute concentrations in leaves and roots
Concentrations of organic and inorganic solutes in roots and leaves were affected by salinization, while sprinkling evoked only minor changes (Table 2 ). In leaves, Na q and Cl ± concentrations increased almost by the same increment (40 mmol g À1 FW) with salt treatment. The concentration of K q was slightly reduced under the same conditions. Malate and nitrate concentrations decreased signi®cantly in the presence of salt while the effect on calcium, sucrose, and starch concentrations was insigni®cant. In roots, exposure to salt increased Na q concentration (approximately 70 mmol g À1 FW) more strongly than that of Cl ± (approximately 35 mmol g À1 FW), while the concentrations of K q , Ca 2q and malate were strongly reduced. Salt stress enhanced the total amino acid concentration about 1.6-fold in leaves and roots. In leaves this effect was strongly reduced by sprinkling. 11"4.8 a 10"7.5 b 4.3"1.6 c 3.4"1.7 c Chloride (mmol g À1 FW) 4.2"1.4 a 6.2"1.5 a 40"5.6 b 44"10 b Phosphate (mmol g À1 FW) 1.1"0.7 a 1.4"0.6 a 1.8"0.8 a 2.1"0.7 a Nitrate (mmol g À1 FW) 40"17 a 38"13 a 31"11 a 31"13 â Amino acids (mmol g À1 FW) 4.0"0.9 a 5.4"1.4 b 6.3"2.0 c 6.9"2.9 bc Malate (mmol g À1 FW) 2.4"0.9 a 3.0"0. Solute concentration in the apoplastic fluid
The gas-and the water-®lled volume of the leaf apoplast ( . This fact also con®rms that the apoplastic¯uid was not or slightly contaminated with cytoplasm since damage of membranes would lead to higher apoplastic K q concentration due to the high K q concentration (approximately 100 mol m À3 ) in the cytoplasm. The concentration of total amino acids was increased about 3-fold by salt treatment, but the concentration of the main organic acid, malate, was decreased. The effects of sprinkling were insigni®cant; only total amino acid and sucrose concentrations were reduced upon sprinkling under salt conditions.
Phloem sap
Phloem sap composition re¯ected the salt treatment ( À3 which corresponds to a concentration in the phloem sap of about 0.5 mol m À3 . Sprinkling of salt-treated plants had no effect on the concentrations of inorganic ions, but led to a decrease in amino acid concentration. Table 4 . Solute concentrations of the apoplastic¯uid of maize leaves with or without salt treatment and with or without sprinkling Phloem transport and leaching in salt-treated maize 1725
Phloem translocation rates
In order to convert phloem solute concentration (Table 5) into the corresponding translocation rates (Table 6) , it was assumed that differences between leaf carbon content calculated from assimilated carbon in the leaf tissue (Table 6 ) and accumulated carbon in the leaf tissue ( Fig. 1) were due to carbon translocated via the phloem. The parts of maize leaves studied in these experiments were fully expanded. The consumption of assimilates by these parts of the leaves should therefore be restricted to maintenance metabolism only. The rate of net CO 2 assimilation was virtually constant over the entire illumination period, and neither the salt nor the sprinkling treatment evoked signi®cant effects (Table 6 ). Figure 1 shows the accumulation of carbon compounds during the illumination period and their subsequent reduction in the dark period. In the control and the salt-treated plants 3645 matom C g À1 FW were ®xed during the 15 h light period. The difference in the carbon content of the major metabolites between the beginning and the end of the photoperiod amounted to 550±600 matom C g À1 FW ( Fig. 1 ; Table 6 ). Thus, only 16±17% of the carbon-assimilation products remained in the leaves during the day, mainly as starch, sucrose, and malate. The translocation rate of carbon was about 203 matom C g À1 FW h À1 in control and salttreated plants, and was about 5% lower in sprinkled plants. Carbon was transported predominantly (>90%) as sucrose.
As a consequence of the pressure¯ow-driven solutē ux in the sieve tubes, phloem transport of photosynthates is intimately associated with the export of ions from the source leaves. Translocation rates of ions (Table 6 ) can be calculated from the molar ratios of carbon to ions in the phloem sap (Table 5 ). Exposure to NaCl resulted in an increased translocation rate of Na q (17-fold), Cl ± (3-fold), amino acids (1.5-fold), and K q (1.2-fold) in the light period.
Xylem sap analysis
Analysis of the xylem sap samples showed that salt treatment increased the concentration of Na q by about 2.0 mol m À3 and that of Cl À by about 5.4 mol m
À3
( Table 7) . The concentration of the other ions and amino-N were also increased under salinization. Interestingly, with the exception of potassium in control plants no signi®cant differences in ion concentrations were observed between samples collected from the cut leaf blade and those obtained directly from single xylem vessels by means of the xylem pressure probe despite the difference in sucrose concentration. In the case of salttreated plants it was not possible to obtain a suf®cient number of samples from single xylem vessels.
Ion concentration in the leachate
Dominant ions in the leachate of control plants were Ca 2q and NO À 3 (Table 8 ). Salt treatment led to a considerable increase of cation concentration in the leachate, and Cl À became the dominant anion. In comparison to total leaf ion content, the amounts of ions leaching out were low. However, if free ions in the apoplastic solution are used as a reference, it became apparent that approximately 0.1% of K q , 0.8% of Na q and up to 5% of Ca 2q ions present in the apoplast are leached daily (Table 8 ). In order not to overestimate Ca 2q leaching it has to be considered that Ca 2q concentrations in the apoplastic solution are rather low due to sorption processes.
Discussion
Overall response of maize to salinity It is well established that carbon partitioning between shoots and roots is¯exible and highly responsive to the environment Fageria et al., 1997) . Fig. 1 . Carbon assimilates contained in maize leaves (m control dry, k control sprinkled, j salt dry, I salt sprinkled) harvested at different times in the course of a diurnal cycle. The data are expressed as the carbon content of the various metabolites (starch, sucrose, malate, amino acids) and are mean values from ®ve individual series of measurements with three measurements each. Coef®cients of variation: control dry, 30±36%; control sprinkled, 22±41%; salt dry, 22±42%; salt sprinkled, 36±42%. Table 7 . Solute concentrations of the xylem exudate of maize leaves with or without salt treatment Xylem sap was collected in the second half of the light period. Mean values"SD of 6 (control dry, cut leaf blade), 5 (control dry, single xylem vessel) and 6 (salt dry, cut leaf blade) independent measurements were given. Different letters indicate signi®cantly different values at a probability level of P-0.05. Salt treatment of maize led to an increase in the relative root size, since growth reduction was stronger in shoots than in roots (Table 1 ). This is in general agreement with previous ®ndings with wheat and maize (Lewis et al., 1989) , with rice (Misra et al., 1997) as well as with tomato ). The precise mechanism by which salt affects carbon partitioning remains unclear. However, the higher retranslocation of nitrogen compounds via the phloem (Table 6 ; Gilbert et al., 1998) may be taken as an indication of a relative increase of the root sink strength, although a reduced shoot sink strength due to decreasing growth rates can not be excluded as an alternative explanation. Since net CO 2 assimilation on a fresh weight basis was unaffected by salt treatment or sprinkling (Table 1) it may be concluded that shoot growth rate is not limited by net photosynthesis. The lower carbon assimilation per plant observed in later growing stages is a re¯ection of a reduced leaf area and is in agreement with earlier results (Cramer et al., 1994a : Lewis et al., 1989 , which showed that salinity affects maize leaf growth rate more strongly and earlier than net photosynthesis. The reduction of shoot growth upon exposure to salinity can not be explained by shortage of nutrient supply since the concentrations of K q and amino-N in the xylem sap were increased by salt treatment (Table 7) . This is in general agreement with ®ndings of Munns who showed that K q concentration in the xylem sap of barley did not decline until the external NaCl concentration exceeded 100 mol m À3 (Munns, 1985) .
Control dry
Ion concentrations in the apoplast
Ion concentrations in the leaf apoplast are governed by import via the xylem, uptake into the symplast (including storage in the vacuole), as well as export through retranslocation by the phloem and leaching of solutes through rain. The in¯uence of the salt treatment on Na q and Cl À concentrations in the leaf apoplast of maize was less pronounced than expected based on previous data suggesting an inverse relationship between apoplastic salt concentration and salt tolerance (Speer and Kaiser, 1991) .
In that study, salt treatment led to an increase of the apoplastic Na q and Cl ± concentrations by 50 mol m
À3
with the salt-sensitive pea but not with the salt-tolerant spinach. The NaCl concentration in the aqueous apoplastic space of rice leaves was calculated to be around 600 mol m À3 in leaves of plants whose roots were exposed to only 50 mol m À3 NaCl (Flowers et al., 1991) . These rice leaves were showing symptoms of water de®ciency. Maize is generally considered to be salt-sensitive (Yeo et al., 1977; Fortmeier and Schubert, 1995) . A growth reduction of approximately 40% was found at 100 mol m À3 external NaCl (Table 1) . However, the plants remained healthy for the duration of the experiment and the leaves showed no sign of senescence or salt injury. In agreement with earlier works it was found that the Na q concentration in the apoplastic¯uid of maize leaves increased to just 4 mol m À3 and that of Cl ± to 5 mol m À3 with 100 mol m
external NaCl (Table 4) (Wang and Zhao, 1997) . Thus the growth reduction in maize is probably not due to the accumulation of salt in the apoplastic¯uid.
Ion retranslocation in the phloem and its significance for leaf ion balance Phloem sap may be obtained either through aphid stylets or, with certain plant species such as castor bean or white lupin, by manual incision. Based on literature data, Na q and Cl ± concentration in the phloem sap of salt-treated plants can differ between 10 and 100 mol m À3 (Downing, 1980 (Aster tripolium); Munns et al., 1986 (barley) ; Jeschke et al., 1986 (lupin) ; Munns et al., 1988 (lupin) ; Wolf et al., 1990 (barley) ). Higher concentrations of Na q were observed in the phloem sap of salt-sensitive plants and lower concentrations in salt-tolerant plants. It was proposed that a high Na q concentration in the phloem sap contributes substantially to the salt sensitivity of the plant (Jeschke et al., 1987) . Unfortunately, in the different studies the phloem sap was obtained using different methods (manual incision or aphid stylet technique), and an in¯uence of the collection methods on the concentration measurements can not be ruled out. In these experiments, Na q and Cl ± concentrations in the phloem never exceeded 14 and 33 mol m À3 , respectively. Na q and Cl ± concentrations in the phloem sap increased 17-fold and 4-fold, respectively, when 100 mol m À3 NaCl were added to the nutrient solution (Table 5 ). This increase corresponds to earlier results (Munns et al., 1986; Wolf et al., 1990) , where Na q concentrations in the phloem sap of salt-treated barley (100 mol m À3 external NaCl) of about 15±20 mol m
were found. An even more dramatic response was observed when NaCl concentration in the nutrient solution of maize was increased to 150 mol m À3 . In this case, the Na q concentration in the phloem sap increased to 82 or 43 mol m À3 , without or with sprinkling, and the Cl ± concentration rose to 158 and 154 mol m À3 , respectively. However, under the latter conditions leaves did show symptoms of toxicity, i.e. leaf tips were necrotic and these plants were not used for further experiments.
Phloem retranslocation from maize leaves decreased in the order K q , Cl ± , and Na q (Table 6 ), all these ions being present in the leaves at high concentrations at 100 mol m À3 external NaCl (Table 2 ). For salt-treated plants the ratio between leaf tissue concentration and phloem concentration was 1.6 for K q , 1.7 for Cl ± and 3.8 for Na q , which re¯ects the cellular compartmentation with most Na q immobilized in the vacuole (Colmer et al., 1994) . Similar ratios have been found for salt-treated lupin (about 1.1 for K q , 3.1 for Cl ± and 3.5 for Na q ) . The ratio between apoplastic concentration and phloem concentration increased in the same order as the ratio between leaf and phloem concentrations, K q 0.10, Cl ± 0.14, and Na q 0.32 with 100 mol m À3 external NaCl. The lower ratio for K q than for Na q may be taken as an indication for a selectivity of K q over Na q by the systems transporting ions into the phloem. Total solute concentration in the phloem sap increased with the salt treatment and so did the osmolality. This may be a necessity to maintain sieve tube turgor at decreasing leaf water potential.
In spite of the relatively low ion concentrations in the phloem, translocation rates were somewhat higher than reported elsewhere. In barley, phloem export rates of K q , Cl ± , and Na q were shown to be in the range of 0.58, 0.24 and 0.08 mmol g À1 FW h À1 (Greenway et al., 1965) . This study's data for maize for the same ions are 1.3, 0.6, and 0.22 mmol g À1 FW h À1 , respectively (Table 6 ). The relatively high translocation rate of ions found in maize may be due to the higher carbon translocation rate observed with C 4 plants (about 200 mmol C g À1 FW h À1 in maize) as opposed to C 3 plants (about 60±70 mmol C g À1 FW h À1 in barley and spinach, calculated from Riens et al., 1994) . It is concluded that phloem retranslocation of ions contribute signi®cantly to the leaf solute balance, i.e. it prevents ion accumulation in apoplast and symplast. In maize this is due to the high phloem transport rates rather than to the high ion concentrations in the phloem sap. The relatively high NaCl retranslocation in the phloem sap of mature maize leaves was not re¯ected by high NaCl concentrations in young leaves. In these leaves, Na q concentrations increase only from 5.8 to 17.0 mmol g À1 FW and Cl ± concentrations from 7.7 to 25.7 mmol g
À1
FW with 100 mol m À3 external NaCl. Either the growth rate of this C 4 plant is rapid enough to prevent ion accumulation in young leaves, or the larger part of the ions in the phloem were transported to the roots.
Relationship between xylem and phloem transport
Xylem import into source leaves was estimated from the transpiration rates and ion concentrations in the xylem sap. The ratio of phloem export of nitrogen (about 40%) and potassium (about 35%) to xylem import remained unaffected by salt treatment (Table 9 ) since the concentrations of amino-N and K q increased in phloem sap and also in the xylem sap (Table 7) . These results correspond to the ®ndings of Munns, who saw an increase of K q concentrations in the xylem sap of lupine upon salt-treatment (Munns, 1988) . Under control conditions, Table 9 . Translocation rates of sodium, potassium, chloride and nitrogen (nitrate and amino-N) in the xylem and in the phloem of maize plants Phloem translocation rates are from Table 6 . Xylem translocation rates were calculated from the transpiration rates (Table 1 ) and the ion concentrations in the xylem pressure exudate (Table 7 ). In the case of control plants the ion concentrations of the xylem pressure exudate are mean values from cut leaf blades and single xylem vessels ( between 13% (Na q ) and 36% (Cl ± ) of ions imported via the xylem are exported by the phloem again (Table 9) . Similar results have been obtained in other studies (Munns et al., 1986; Jeschke et al., 1992; Gouia et al., 1994; Marschner, 1995; Marschner et al., 1997) . Upon exposure to 100 mol m À3 NaCl in the rooting medium the xylem import of Na q increased strongly (from 0.1 to 0.7 mmol g À1 FW of leaf h À1 ) and so did the Cl ± import (from 0.5 to 2.0 mmol g À1 FW of leaf h À1 ; Table 9 ). Under the same conditions the phloem export of Na q was increased more strongly than xylem import, 13% of the imported Na q was retranslocated in control plants and 32% in salt-treated plants. For Cl ± the xylem import to phloem export ratio was similar under both conditions (36% control and 28% with salt conditions). Na q phloem export is plant species dependent. Approximately 10% of xylem-imported Na q is exported through the phloem in barley (Munns et al., 1986) , 31% in Leptochloa fusca (Jeschke et al., 1995) ; 37% in cotton (Gouia et al., 1994) , 40±70% in white lupin , and 77% in bean (Gouia et al., 1994) . It seems that high Na q retranslocation from the leaves is linked to high salt sensitivity of the plants.
Role of leaching in the ion balance of maize leaves
In older literature the so-called`cuticulary excretion' (Arens, 1934) was considered to be an important mechanism for avoiding high salt concentrations in the leaf (Tukey, 1970) . The in¯uence of misting in stimulating growth as observed by these authors is in general agreement with more recent ®ndings in Picea (Leisen and Marschner, 1990) . In the experiments reported here leaching had no signi®cant effect on plant growth. Absolute amounts of ions leached from maize leaves in the present investigation (Table 8) seem rather low compared to those reported previously (Evans et al., 1981; Foster, 1990; Mecklenburg et al., 1966; Tukey Jr, 1970) . If the total ion content of maize leaves is considered as reference, leaching of ions from the leaf surface by arti®cial rain equivalent to 10 mm d À1 varied from 0.01% (K q ) to 0.17% (Ca 2q ). If the ion concentration in the apoplastic¯uid is taken as a reference it appears that 0.1% of the K q , 0.8% of the Na q and even 5% of the Ca 2q is leached on a daily basis. It has to be taken into account that the very low Ca 2q concentration in the apoplastic¯uid is responsible for the relatively high leaching rate for Ca 2q . At least two apoplastic Ca 2q fractions are detectable: free and bound fractions (Mu È hling and Sattelmacher, 1995) . Since only the free Ca 2q is in equilibrium with water on the leaf surface, this fraction only may be considered as a reference. This view is supported by Mecklenburg et al. who demonstrated that only the free Ca 2q fraction is the source of 45 Ca ef¯ux from bean leaves (Phaseolus vulgaris L.) into distilled water (Mecklenburg et al., 1966) . As already discussed earlier, upon exposure of maize to salt, Na q and Cl À concentrations in the apoplastic solution of leaves did not increase as much as expected. But leaching of all measured cations increased signi®cantly. Whether this indicates damage of the cuticles which represents the rate-limiting barrier for ion ef¯ux from foliage (Scho È nherr, 1976; Scherbatskoy and Tyree, 1990) needs to be examined.
